INTRODUCTION {#S1}
============

Hypertension is a challenging public health problem worldwide due to its high prevalence and associated increases in risks of cardiovascular disease (CVD). ^[@R1]-[@R3]^As the leading risk factor for mortality globally, approximately 13.5% of premature deaths were attributable to high blood pressure (BP) in 2001. ^[@R3]^ High BP is influenced by multiple environmental and genetic factors, and heritability studies indicate that about 30-60% of the BP variation in the population is genetically determined. ^[@R4]^ Although some loci were reported to be associated with the increased BP, the majority of the genetic contribution to variation in BP is still unclear.

Kidney, as a critical organ, is very important in BP regulation by its effect on sodium balance. The epithelial sodium channel (ENaC), which locates at the distal nephron, plays an essential role in controlling sodium balance and extracellular fluid volume through the renal sodium reabsorption and excretion. ^[@R5],\ [@R6]^ ENaC is composed of α, β and γ homologous subunits which are encoded by *SCNN1A, SCNN1B* and *SCNN1G* genes, respectively. It is mostly expressed in the luminal membrane of connecting tubule cells and principle cells of collecting duct. ^[@R7]^

Some studies have reported that rare mutations in the *SCNN1B* and *SCNN1G* genes lead to Liddle\'s syndrome, a severe and hereditary form of early onset hypertension. ^[@R8],\ [@R9]^ In addition, Kzkizoe *et al* has found that inappropriate ENaC expression and activation might be the underlying mechanisms for salt-sensitive hypertension and organ damages developed in Dahl salt-sensitive rats. ^[@R10]^ Although results are inconsistent, *SCNN1B* and *SCNN1G* genes have been implicated in the physiological variation of systolic BP (SBP). ^[@R11]-[@R13]^ Thus, the association between common variants of ENaC genes and essential hypertension in humans should be given more attention. ^[@R14],\ [@R15]^

The present study aimed to investigate associations of *SCNN1A*,*SCNN1G* and *SCNN1B* genes with SBP, diastolic BP (DBP) and mean arterial pressure (MAP) using both single-marker and gene-based analyses in 2 880 Han Chinese participants of the Genetic Epidemiology Network of Salt Sensitivity (GenSalt) study and provide insights into the molecular pathogenesis of hypertension or elevated BP.

METHODS {#S2}
=======

Study population {#S3}
----------------

The GenSalt study was conducted in six rural villages in Northern China from 2003 to 2005. Detailed information on the study design and methods of GenSalt study has been published elsewhere. ^[@R16]^ Briefly, a community based BP screening was carried out among persons aged 18-60 years to identify potential probands. Those with mean SBP of 130-160 mmHg and/or DBP of 85-100 mmHg and no use of antihypertensive medication were recruited, as well as with their parents, siblings, spouses, and offspring. Individuals, who had stage-2 hypertension, secondary hypertension, a history of CVD or diabetes, or were pregnant, heavy alcohol drinkers, or currently on a low-sodium diet were excluded from the study. Finally, 3 142 individuals in 633 families participated in the GenSalt study and all participants were of Han Chinese ethnicity. Two hundred and sixty-two participants were excluded from the current analysis due to antihypertensive treatment in the month prior to baseline survey.

Written informed consents were obtained from all GenSalt participants after detailed explanation of the study. The study has been approved by the Institutional Review Board at all the participant institutions.

Data collection {#S4}
---------------

Information on family structure, demographic characteristics, personal and family medical history was collected by a trained staff using a standardized questionnaire on the first day of baseline observation. Body weight and height were measured twice with the participant in light indoor clothing without shoes. Body mass index (BMI) was calculated as kilograms per square meter (kg/m^2^). BP was measured three times on each day of the 3-day baseline period when the participants were in the sitting position after 5 minutes of rest by the same trained and certified technician using a Hawksley random-zero sphygmomanometer (Hawksley& Sons Ltd, Lancing, UK; zero range 0--20 mmHg) according to the protocols recommended by the American Heart Association. ^[@R17]^ The appropriate cuff size was selected based on each participant\'s arm circumference. ^[@R17]^ Additionally, participants were advised to avoid drinking, cigarette smoking, having coffee/tea or doing exercise for at least 30 minutes before their BP measurements. BP levels were calculated as the average of the nine measurements. MAP was calculated as 1/3 SBP plus 2/3 DBP.

Genotype data and quality control {#S5}
---------------------------------

*SCNN1A, SCNN1G* and *SCNN1B* genes were identified based on their potential biological effect on BP regulation. Seventeen SNPs were genotyped using ABI SNPlex platform (Applied Biosystems, Foster City, CA) and additional 42 SNPs were genotyped on the Affymetrix 6.0 platform (Affymetrix, Santa Clara, CA) in a subsample of GenSalt participants (N=1,881). SNPs with minor allele frequency (MAF) less than 1%, genotyping call rate less than 90% and deviation from Hardy-Weinberg equilibrium (HWE) after Bonferroni correction for multiple testing were excluded. After quality control, we selected tag-SNPs from these genes with pairwise *r^2^* thresholds of less than 0.9. A total of 44 tag-SNPs were included in the current analysis. Haploview software (version 4.2, <http://www.broad.mit.edu/mpg/haploview>) was used to conduct quality control and tag-SNPs selection. ^[@R18]^ Detailed information on all tag-SNPs, including the gene symbol, chromosome, physical position, major/minor alleles, call rate, MAF, HWE *P* value and genotyping platform, has been shown in **[Supplementary Table 1](#SD1){ref-type="supplementary-material"}**.

Statistical analysis {#S6}
--------------------

The Mendelian consistency of the SNP genotype data was assessed by PLINK software (<http://pngu.mgh.harvard.edu/purcell/plink/>) and PedCheck. ^[@R19],\ [@R20]^ If Mendelian inconsistencies were found, genotypes for related SNPs in those families were set to be missing. Baseline characteristics and BP were presented as mean±SD for continuous variables and as percentages for categorical variables. Mixed-effect linear models were used to assess associations of SNPs with BP to account for the non-independence of family members under additive, codominant, dominant, and recessive genetic models. Age, gender, BMI, room temperature of BP measurement, and field center were adjusted in the mixed models. All single-marker analyses were conducted using SAS statistical software (version 9.2, SAS Institute, Cary, NC).

The truncated product method (TPM), which combines *P* values from single-marker association analyses, was used to evaluate the overall association of a candidate gene with BP levels. ^[@R21]^ Truncation point was set as τ=0.10, and the *P* value for TPM was estimated by 1,000,000 simulations. Sensitivity analyses were conducted using the TPM after excluding the most significant SNP within a gene. Gene-based gene-gene interaction was evaluated by GG_tProd method by combining *P* values from single-marker based interaction term under additive model.^[@R22]^ Gene-based analyses and Gene-based gene-gene interaction were performed using R software (Version 3.0.1; <http://www.r-project.org>).

Bonferroni correction was used to adjust for multiple testing. The α-thresholds were 1.14×10^−3^ (0.05/44) and 0.017 (0.05/3) for single-marker analyses and gene-based analyses, respectively.

RESULTS {#S7}
=======

**[Table 1](#T1){ref-type="table"}** presents the characteristics of 2 880 GenSalt participants. On average, participants were 48.5 years of age, had a mean BMI of 23.0 kg/m^2^, and mean baseline SBP, DBP and MAP of 122.4 mmHg, 73.7 mmHg and 89.9mmHg, respectively. The average room temperature of BP measurement was 22.1°C. A total of 1 501 (51.2%) participants were male.

Analysis of 44 tag-SNPs in the 3 ENaC genes revealed their associations with BP levels. As shown in **[Table 2](#T2){ref-type="table"}**, significant associations of *SCNN1A* marker rs13306613 with DBP and *SCNN1B* marker rs12447134 with SBP were identified under codominant model even after Bonferroni correction (*P*= 2.82×10^−5^ and 4.63×10^−4^, respectively). Mean DBP (95% CIs) were 73.7 (73.2, 74.2), 75.0 (73.6, 76.4) and 66.9 (63.7, 70.1) mmHg for participants with rs13306613 genotype C/C, C/T and T/T, respectively \[**[Figure 1(a)](#F1){ref-type="fig"}**\], and mean DBP (95% CIs) were 116.9 (116.3, 117.6), 114.9 (113.3, 116.4) and 108.1 (102.9, 113.2) mmHg for participants with rs12447134 genotype A/A, A/C and C/C, respectively \[**[Figure 1(b)](#F1){ref-type="fig"}**\]. Although the associations were not significant after adjustment for multiple testing, 5 tag-SNPs in the *SCNN1G* gene (rs4073291, rs5735, rs4299163, rs4401050, rs4499238) and 4 tag-SNPs in the *SCNN1B* gene (rs6497659, rs7205273, rs12447134 and rs63982) achieved nominal significance for SBP, DBP or MAP under the additive genetic model (**[Table 3](#T3){ref-type="table"}**). SBP, DBP and MAP were inversely associated with the number of minor C allele of rs5735 with the regression coefficients of -1.58, -1.08, and -1.24, respectively. Other detailed information, including mean SBP, DBP and MAP according to genotypes and corresponding *P* values from single-marker analyses of each SNP, has been presented in **[Supplementary Table 2](#SD1){ref-type="supplementary-material"}** and **[Supplementary Table 3](#SD1){ref-type="supplementary-material"}**.

In addition, gene-based analyses revealed that *SCNN1G* was significantly associated with SBP, DBP and MAP when using *P* values from additive model, while *SCNN1B* were significantly associated with SBP, DBP and MAP when using *P* values from recessive model (**[Table 4](#T4){ref-type="table"}**). In sensitivity analyses removing the most significant single-marker, the overall gene-based association of *SCNN1G* with SBP and MAP remained significant with *P* values of 1.00×10^−3^and 1.60×10^−3^, respectively. In addition, marginally significant *SCNN1A*×*SCNN1G* gene-based gene-gene interaction for SBP and MAP were identified (**[Supplementary Table 4](#SD1){ref-type="supplementary-material"}**).

DISCUSSION {#S8}
==========

In the present study, we identified 2 common variants, rs13306613 in *SCNN1A* gene and rs12447134 in *SCNN1B* gene, were significantly associated BP levels. Although associations of variants in the *SCNN1G* gene with BP levels were not significant after adjustment for multiple testing, gene-based associations of *SCNN1G* with BP levels achieved statistical significance, as well as the association of *SCNN1B* gene. These findings suggest that ENaC genes play important roles in BP regulation.

*SCNN1A* marker rs13306613 was associated with DBP level in the current analysis, which is consistent with the previous study conducted in Korean population. ^[@R23]^ This marker is located in intron region of *SCNN1A*, with no known functional relevance. Several other *SCNN1A* variants have been associated with BP traits. ^[@R24]-[@R26]^ For example, our recent study has identified significant association of rs11064153 with longitudinal BP change, ^[@R26]^ Iwai and colleagues reported the association of rs3759324 with cross-sectional BP and hypertension in a Japanese population. ^[@R24]^ In addition, gene-based analysis also found a significant association of *SCNN1A* with DBP. However, the result of sensitivity analysis when removing significant single-marker rs13306613 suggested the gene-based association was driven by this marker.

Several researchers have studied the role of *SCNN1G* gene in human essential hypertension but reported conflicting results. ^[@R11],\ [@R14],\ [@R27]-[@R30]^ Although most studies concluded that this subunit is unlikely to play a significant role in the pathogenesis of human essential hypertension, Wong *et al* found significant linkage between SBP and markers of *SCNN1G* gene. ^[@R11]^ However, results of single-marker analyses in *SCNN1G* gene were still inconsistent. For example, Iwai N *et al* observed minor allele of variant G(-173)A (also known as rs5718), located in the promoter region of *SCNN1G* gene, had significantly decreased SBP. ^[@R14]^ While a study conducted in Australian population has observed that minor allele of rs13331086, which locates in the same block as rs4401050, was associated with 1 mmHg increase in SBP and 0.52 mmHg increase with DBP. ^[@R29]^ Although mutations on *NEDD4L*, *NDFIP2* or *USP2* genes could influence BP or hypertension through regulating the expression of ENaC genes in either Korean or Chinese population, only nominal associations of variants in ENaC genes with BP have been observed. ^[@R23]^ The current study has shown similar nominal results that minor alleles of rs5735, rs4299163 and rs4401050 are associated with decreased BP. Although results were not significant after adjustment for multiple testing, the current study reported significant gene-based association of *SCNN1G* gene with BP even after removing the most significant single-marker. This result has confirmed the role of *SCNN1G* gene in BP regulation. ^[@R11]^ Since the single-marker effect on BP was minor and multiple variants in the same gene act jointly in leading to disease phenotype, gene-based analysis will have a higher power than single-marker analyses.

Mutations in *SCNN1B* gene cause Liddle\'s syndrome and pseudohyoaldosteronism. Investigators have made much effort to sequence the exons of *SCNN1B* gene to identify mutations associated with BP in general population. ^[@R8],\ [@R9],\ [@R30]^ However, the significances of *SCNN1B* SNPs appear to be more important in African ancestries than in Whites, Japanese or Korean population. ^[@R23],\ [@R31]-[@R34]^ While most of previous studies focused on the coding sequence of *SCNN1B* gene, the current study has provided some evidence on SNPs in non-coding regions. Our previous study has reported minor allele of rs7205273 is significantly associated with lower DBP in Han Chinese population with high levels of physical activity. ^[@R35]^ In addition, gene-based analyses have observed significant association between *SCNN1B* gene and MAP. The functional implications of rs7205273, rs12447134 and rs63982 are possible intronic enhancers for the regulation of gene expression. All findings contribute to the evidence suggesting a role of *SCNN1B* gene on regulating BP in Chinese population, but further studies are still needed to replicate the results. In order to fully interpret these associations and find the true relationship, functional studies are still needed in the future.

Our study has several important strengths. To our knowledge, this is the first study to investigate associations of ENaC genes with BP levels in Han Chinese general population. Second, participants in our study were recruited from a semi-isolated population with the purpose of minimizing genetic and environmental heterogeneity. Third, participants were excluded if they were treated with antihypertensive medications in past month prior to baseline examination to ensure accurate BP measurements. However, some potential limitations of our study should be noted. First, replication study is stilled needed to confirm these results. Second, some important variants, such as rs5718, may not be included in the current study, although our genotyping platform has good performance and considerable potential to identify candidate susceptibility or resistance genetic factors. ^[@R36]^

In conclusion, we provide the first evidence that genetic variants in the ENaC genes may regulate BP levels in Han Chinese population. In concordance with single-marker findings, gene-based analysis revealed effects of *SCNN1G* and *SCNN1B* on BP regulation. Replications of these results in other populations are needed and further functional studies are critically important for identifying true causal variants.
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###### SUMMARY TABLE

What is known about this topic The epithelial sodium channel (ENaC) plays an important role in controlling sodium balance and extracellular fluid volume through the renal sodium reabsorption and excretion.*SCNN1A*, *SCNN1G* and *SCNN1B* genes are associated with blood pressure related traits, such as Liddle\'s syndrome and salt-sensitivity of blood pressure.The findings of studies of the relationship between ENaC genes and blood pressure have been inconsistent and the associations have not been well examined in Han Chinese population.

What this study adds Significant associations of *SCNN1A* marker rs13306613 with diastolic blood pressure and *SCNN1B* marker rs12447134 with systolic blood pressure were identified under codominant model in single-marker analyses.Gene-based analyses revealed that *SCNN1G* and *SCNN1B* genes are associated with blood pressure traits.Our results suggest that ENaC genes play important roles in blood pressure regulation in Han Chinese population.

![Systolic blood pressure (SBP), diastolic blood pressure (DBP) and mean arterial pressure (MAP) levels according to genotype of SNP rs13306613 in the *SCNN1A* gene (a) and rs12447134 in the *SCNN1B* gene (b) after adjustment for age, gender, BMI, room temperature of BP measurement, and field center. Values are means with standard error bars.](nihms-614943-f0001){#F1}

###### 

Characteristics of 2 880 participants in GenSalt study

  Variables                                 Mean ± SD     Range
  ----------------------------------------- ------------- --------------
  Age, years                                48.5±16.5     (15.0, 93.0)
  Male, n (%)                               1501 (52.1)   
  Body Mass Index, kg/m^2^                  23.0±3.2      (14.3-37.8)
  Baseline Systolic Blood Pressure, mmHg    122.4±19.3    (80.9-222.2)
  Baseline Diastolic Blood Pressure, mmHg   73.7±10.6     (38.9-115.1)
  Baseline Mean Arterial Pressure, mmHg     89.9±12.1     (58.7-146.5)
  Room temperature (°C)                     22.1±3.2      (14.3-29.7)

###### 

*P* values for the association of SNPs in ENaC genes and BP levels under codominant, dominant and recessive models^[a](#TFN1){ref-type="table-fn"}^

  Gene               SNP          SBP                                             DBP                                             MAP
  ------------------ ------------ ----------------------------------------------- ----------------------------------------------- -------------
  Codominant                                                                                                                      
          *SCNN1A*   rs13306613   0.347                                           2.82×10^−5^ ^[b](#TFN2){ref-type="table-fn"}^   0.029
                     rs11064153   0.055                                           0.054                                           0.038
          *SCNN1G*   rs4421986    0.571                                           0.292                                           0.020
                     rs5735       0.047                                           0.015                                           0.016
                     rs4401050    0.067                                           0.048                                           0.020
                     rs4499238    0.037                                           0.322                                           0.122
          *SCNN1B*   rs6497659    0.132                                           0.031                                           0.038
                     rs7205273    0.061                                           0.057                                           0.033
                     rs12447134   4.63×10^−4^ ^[b](#TFN2){ref-type="table-fn"}^   0.010                                           1.61×10^−3^
                     rs63982      0.011                                           0.052                                           0.020
                     rs250567     0.176                                           8.65×10^−3^                                     0.024
  Dominant                                                                                                                        
          *SCNN1A*   rs11064153   0.030                                           0.061                                           0.032
          *SCNN1G*   rs4073291    0.029                                           0.086                                           0.039
                     rs5735       0.014                                           0.018                                           8.45×10^−3^
          *SCNN1B*   rs6497659    0.049                                           8.85×10^−3^                                     0.011
                     rs12447134   4.78×10^−3^                                     0.047                                           0.014
  Recessive                                                                                                                       
          *SCNN1A*   rs13306613   0.292                                           2.51×10^−3^                                     0.028
          *SCNN1G*   rs5735       0.404                                           0.030                                           0.077
                     rs4299163    0.293                                           0.028                                           0.072
                     rs4401050    0.099                                           0.054                                           0.029
                     rs4499238    0.041                                           0.191                                           0.089
          *SCNN1B*   rs7205273    0.028                                           0.018                                           0.011
                     rs239345     0.048                                           0.043                                           0.028
                     rs12447134   1.43×10^−3^                                     9.12×10^−3^                                     2.67×10^−3^
                     rs63982      3.51×10^−3^                                     0.015                                           5.18×10^−3^
                     rs250567     0.080                                           0.041                                           0.038

Adjustment for age, gender, body mass index, room temperature of BP measurement, and field center;

Statistically significant after Bonferroni correction.

###### 

Association of SNPs in ENaC genes with BP levels under additive model ^[a](#TFN3){ref-type="table-fn"}^

  Gene         SNP            SBP            DBP             MAP                                          
  ------------ -------------- -------------- --------------- -------------- -------------- -------------- -------
  *SCNN1G*     rs4073291      −1.23 (0.60)   0.040           −0.77 (0.44)   0.079          −0.93 (0.46)   0.043
  rs5735       −1.58 (0.66)   0.016          −1.08 (−0.39)   5.41×10^−3^    −1.24 (0.43)   4.36×10^−3^    
  rs4299163    −1.32 (0.77)   0.089          −0.96 (0.48)    0.047          −1.07 (0.53)   0.045          
  rs4401050    −1.57 (0.75)   0.035          −0.94 (0.44)    0.032          −1.13 (0.48)   0.020          
  rs4499238    −1.51 (0.68)   0.027          −0.58 (−0.49)   0.232          −0.89 (0.51)   0.085          
  *SCNN1B*     rs6497659      −0.62 (0.44)   0.154           −0.69 (0.33)   0.041          −0.65 (0.34)   0.055
  rs7205273    −0.99 (0.49)   0.045          −0.52 (0.31)    0.098          −0.68 (0.34)   0.047          
  rs12447134   −2.50 (0.78)   1.28×10^−3^    −1.33 (0.57)    0.019          −1.72 (0.60)   4.23×10^−3^    
  rs63982      −1.00 (0.39)   0.010          −0.47 (0.29)    0.108          −0.64 (0.30)   0.031          

Adjustment for age, gender, body mass index, room temperature of BP measurement, and field center.

###### 

Gene-based associations of ENaC genes with BP levels

  Gene               SBP                                          DBP           MAP
  ------------------ -------------------------------------------- ------------- --------------------------------------------
  Additive model                                                                
          *SCNN1A*   0.6270                                       0.5392        0.4280
          *SCNN1G*   2.00×10^−4[a](#TFN4){ref-type="table-fn"}^   6.00×10^−4^   1.00×10^−5[b](#TFN5){ref-type="table-fn"}^
          *SCNN1B*   0.0820                                       0.0324        0.0012
  Codominant model                                                              
          *SCNN1A*   0.3612                                       0.0074        0.3410
          *SCNN1G*   0.0066                                       0.0986        0.0046
          *SCNN1B*   0.0798                                       0.0014        0.0802
  Dominant model                                                                
          *SCNN1A*   0.2854                                       0.4400        0.3168
          *SCNN1G*   0.0020                                       0.0580        0.0018
          *SCNN1B*   0.4098                                       0.2332        0.4040
  Recessive model                                                               
          *SCNN1A*   0.4500                                       0.0916        0.3210
          *SCNN1G*   0.0890                                       0.0882        0.0714
          *SCNN1B*   0.0016                                       6.00×10^−4^   0.0010

*P* value for sensitivity analysis is 1.00×10^−3^;

*P* value for sensitivity analysis is 1.60×10^−3^.
